G quadruplex structures have been predicted by bioinformatics to form in the 5′-and 3′untranslated regions (UTRs) of several thousand mature mRNAs and are believed to play a role in translation regulation. Elucidation of these roles has primarily been focused on the 3′-UTR, with limited focus on characterizing the G quadruplex structures and functions in the 5′-UTR. Investigation of the affinity and specificity of RNA binding proteins for 5′-UTR G quadruplexes and the resulting regulatory effects have also been limited. Among the mRNAs predicted to form a G quadruplex structure within the 5′-UTR is the survival motor neuron domain containing 1 (SMNDC1) mRNA, encoding a protein that is critical to the spliceosome. Additionally, this mRNA has been identified as a potential target of the fragile X mental retardation protein (FMRP), whose loss of expression leads to fragile X syndrome. FMRP is an RNA binding protein involved in translation regulation that has been shown to bind mRNA targets that form G quadruplex structures. In this study we have used biophysical methods to investigate G quadruplex formation in the 5′-UTR of SMNDC1 mRNA and analyzed its interactions with FMRP. Our results show that SMNDC1 mRNA 5′-UTR forms an intramolecular, parallel G quadruplex structure comprised of three G quartet planes, which is bound specifically by FMRP both in vitro and in mouse brain lysates. These findings suggest a model by which FMRP might regulate the translation of a subset of its mRNA targets by recognizing the G quadruplex structure present in their 5′-UTR, and affecting their accessibility by the protein synthesis machinery.
INTRODUCTION
A variety of protein activity regulation strategies occur post-transcriptionally, mainly at the level of mRNA translation. The 5′-and 3′-untranslated regions (5′-and 3′-UTRs) of mRNA templates contain cis-acting structural moieties and this regulation may involve both sequence and secondary structure(s) of these non-protein coding regions. 1, 2 Among these structures involved in translation regulation is the mRNA G quadruplex. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Biochemical and biophysical studies have revealed that certain guanine-rich mRNA sequences fold into the G quadruplex structure. [15] [16] [17] Four guanine residues form a planar G quartet conformation that is stabilized by Hoogsteen base pairing, with sets of G quartets stacking upon each other and stabilized by central K + ions, to form the G quadruplex structure. 16, 17 In addition to 5′-UTR activities such as translation regulation, the G quadruplex structure has been implicated in other location-based processes, such as regulation of alternative splicing when in the coding region as well as translation regulation via the microRNA pathway and/or increased polyadenylation efficiency when in the 3′UTR. 1, 9, [18] [19] [20] [21] [22] [23] [24] [25] [26] It is known that the genetic information governing translation is primarily localized in the 5′-and 3′-UTRs of mRNA. 2 Based on the G 3+ N 1-7 G 3+ N 1-7 G 3+ N 1-7 G 3+ RNA sequence (where N is any nucleotide), bioinformatics analyses have predicted that 2334 and 3530 G quadruplexes occur in the 5′-and 3′-UTRs, respectively, of human mRNA transcripts from known protein-coding genes. 1 Despite their potentially major roles in mRNA translation regulation, only a limited number of these predicted G quadruplexes have been structurally and thermodynamically characterized. 4-6, 8, 9, 19, 24, 27-30 The prevalence of G quadruplexes in the 5′-UTR suggests a role in the regulation of translation considering the advantageous control of the process at or near its point of initiation. 1 Additionally, some 5′-UTR G quadruplex structures have been shown to inhibit translation while others promote translation, suggesting a complex form of regulation that requires further investigation to elucidate. 1, 4, [6] [7] [8] 30 Moreover, these mechanisms likely have different layers of complexity, as the regulatory function of the G quadruplex structure in translation could also be mediated by its interactions with specific RNA binding proteins.
Among such potential regulatory proteins is the fragile X mental retardation protein (FMRP), an RNA binding protein implicated in translation regulation and specific binding to G quadruplex-forming RNAs. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] Loss of FMRP expression typically leads to a constitutive increase in the synthesis of certain dendritic proteins and results in the most prevalent inherited intellectual disability in humans: fragile X syndrome (FXS). 30, 36, 42 FMRP is primarily expressed in neurons and testes, and contains an arginine-glycine-glycine box (RGG box) domain, two K-homology domains, a nuclear localization signal (NLS), and a nuclear export signal (NES). Additionally, FMRP uses its NLS and NES to shuttle between the nucleus and cytoplasm, acting to transport mRNAs throughout the cell. [43] [44] [45] The role of FMRP in translation regulation, and other processes, remains to be fully elucidated. FMRP normally represses the translation of target mRNAs, with relief of inhibition triggered by synaptic input to enable local protein synthesis. 46, 47 However, FMRP has also been demonstrated to promote the translation of human achaete-scute homologue-1 (hASH1) mRNA via binding its 5′-UTR G quadruplex, supporting the idea that G quadruplex structures in mRNA regulation have multiple layers of complexity involving RNA binding proteins. 48 In general, the RGG box domain is characterized as having two or three RGG repeats, with five to nine residues separating the repeats, and has been identified in 44 human proteins. 49, 50 FMRP has been shown to use its RGG box domain to bind mRNA targets that form G quadruplex structures (Table 1) . 19, 24, 27-29, 33, 34, 51, 52 However, with the exception of the 5′-UTRs from microtubule associated protein 1B (MAP1B) mRNA, 27, 40 the protein phosphatase 2A catalytic subunit mRNA, 39 and the hASH1 mRNA 5′-UTR, 48 characterization of the FMRP RGG box binding G quadruplex structures has focused on coding region and 3′-UTR locations. 19, 24, 28, 29, 34 We are expanding these studies to analyze neuronal mRNAs that have the potential to form G quadruplexes in their 5′-UTR and be regulated by FMRP. Among these is the survival motor neuron domain containing 1 mRNA (SMNDC1, also known as survival of motor neuron-related splicing factor 30, SPF30), which has been predicted by bioinformatics to form a G quadruplex structure located at position 163 in its 333 nucleotide (nt) 5′-UTR ( Figure 1A, B ). 1, 53 Furthermore, from the 12 predicted mature SMNDC1 mRNA transcripts, four contain this predicted G quadruplex forming sequence at relatively similar locations near the beginning of the 5′-UTR. 54 It has been proposed that these locations near the 5′ end of the mature transcript 5′UTR suggest a role in translation initiation. 1 Despite evidence that the 5′-UTR G quadruplex inhibits translation via reporter gene assays, the translation initiation activity of the structure in the 5′-UTR is more consistent with the FXS phenotype since the absence of FMRP typically results in overexpression of target proteins. SMNDC1 mRNA has been shown to be constitutively transcribed in skeletal muscle, as well as in fetal and adult brain and spinal cord. 55 Furthermore, SMNDC1 mRNA has been identified as a potential FMRP target via PAR-CLIP analysis. 56 The corresponding SMNDC1 protein has been implicated in pre-mRNA splicing and is critical for spliceosome assembly in the nucleus. 55, [57] [58] [59] [60] A typical outcome of FXS is that proteins are overexpressed if their corresponding mRNAs are a target of FMRP. Depletion of FMRP associated with FXS could affect the levels of SMNDC1 protein, thus also affect splicing, via dis-regulation of SMNDC1 mRNA translation. SMNDC1 overexpression has also been implicated in apoptosis, thus if SMNDC1 mRNA is a target of FMRP then this outcome could supplement the current knowledge of FXS etiology. 55 SMNDC1 is a partial paralog of the survival motor neuron protein (SMN), with both proteins having seemingly similar functions. 55, 57 Low levels of SMN caused by deletions or mutations in the smn1 gene leads to the spinal muscular atrophy neuromuscular disease. 61, 62 Being overshadowed by SMN in spinal muscular atrophy, the biological function of SMNDC1 and any effects from its synthesis dis-regulation have not been fully elucidated.
In this study, we have shown by biophysical and biochemical methods that a guanine-rich 25 nt stretch within the SMNDC1 mRNA 5′-UTR folds into a stable G quadruplex structure which is recognized with high affinity and specificity by the full-length recombinant FMRP ISO1 as well as by endogenous FMRP in mouse brain lysates. Altogether, the results of this study show for the first time that FMRP interacts with the SMNDC1 mRNA 5′-UTR, via recognition of a G quadruplex structure by its RGG box domain. Our findings expand the short list of 5′-UTR G quadruplexes whose binding by the RGG box domains have been characterized. While it is postulated that FMRP interacts with the microRNA (miRNA) pathway to regulate the translation of specific mRNAs via direct interactions with 3′-UTR sequences, the mechanism(s) by which it regulates translation via interactions within the mRNA's 5′-UTR remains largely unknown and we show that binding can occur without mediation. It is expected that the results of this study will spur further research into elucidating such mechanism(s).
MATERIALS AND METHODS

RNA oligonucleotides
The synthetic DNA template, based on the GenBank BC039110.1 1 SMNDC1 mRNA sequence ( Figure 1A) , and primer were purchased from TriLink Biotechnologies, Inc. The mutant DNA template was also purchased from TriLink Biotechnologies, Inc, corresponding to the RNA in which the G quadruplex structure was abolished (Supplemental Figure 1A) . Synthetic templates were used to in vitro transcribe RNA oligonucleotides via T7 RNA polymerase produced in-house. 63 The RNA oligonucleotides were purified by 20% 8 M urea denaturing 19:1 PAGE, electrophoretic elution of the excised target band, followed by extensive dialysis in 10 mM cacodylic acid, pH 6.5.
The fluorescent labeled SMNDC1_12PC RNA 25mer was designed with the fluorescent cytosine analog, pyrrolo C (PC), in place of the cytidine at position 12 ( Figure 1B ) and chemically synthesized by GE Healthcare. The biotinylated SMNDC1 RNA was synthesized by Dharmacon, Inc.
Annealed RNA samples were incubated at 95°C for 5 min, followed by slow cooling to room temperature for 15 min, in 10 mM cacodylic acid, pH 6.5, and in the presence or absence KCl concentrations.
Peptide synthesis
The FMRP RGG box peptide (Table 1 ) and the hepatitis C virus (HCV) core peptide (combined sequences of amino acids 2-23 and 38-74) 24, 64 were chemically synthesized and purified by the Peptide Synthesis Unit at the University of Pittsburgh, Center for Biotechnology and Bioengineering.
H NMR spectroscopy
The 1D 1 H NMR spectra were acquired at 40°C using a 500 MHz Bruker AVANCE spectrometer to analyze a 230 μM SMNDC1 RNA sample annealed in a 90% H 2 O/10% D 2 O ratio in 10 mM cacodylic acid, pH 6.5 solution. G quadruplex formation was observed by titrating KCl from a 2 M stock, equilibrating for 20 min, and monitoring the imino proton resonance region (10-12 ppm). Water suppression was accomplished via the Watergate pulse sequence. 65 
Circular Dichroism (CD) spectroscopy
The CD spectra were collected using a Jasco J-810 spectropolarimeter at 25°C, with scans from 180 nm to 400 nm, using a 200 μL quartz cuvette (Starna Cells) with a 1 mm pathlength. Each set of conditions was scanned three times with a 1 sec response time and a 2 nm bandwidth. All spectra were corrected for solvent contributions and dilutions.
For the K + -dependent G quadruplex formation analysis, a 10 μM SMNDC1 RNA sample was annealed in the absence of KCl, and KCl was titrated from a 2 M stock solution and allowed to equilibrate for 10 min at 25°C.
UV spectroscopy thermal denaturation
The UV spectroscopy thermal denaturation curves were obtained using a Varian Cary 3E spectrophotometer equipped with a Peltier temperature control cell. Experiments were performed in a 200 μL quartz cuvette (Starna Cells) with a 10 mm path length, up to a final volume of 200 μL, and changes in absorbance at 295 nm were monitored. Sample and reference cells were covered with 200 μL mineral oil to prevent evaporation. The RNA samples were heated during analysis from 25°C to 95°C at a rate of 0.2°C/min, recording absorbance every 1°C, monitoring the absorbance changes at 295 nm, wavelength sensitive to G quadruplex dissociation. 66 To determine if an intramolecular or intermolecular G quadruplex structure is formed the melting temperature (T m ) was determined at RNA concentrations ranging from 3 μM to 25 μM, in the presence of 5 mM KCl. The T m is indicated by the midpoint of the hypochromic transition during the thermal denaturation ( Figure 2A) , and the T m for an intermolecular species containing n number of strands is dependent on the total RNA concentration (c T ), the gas constant (R), and the van't Hoff thermodynamic parameters (ΔH°v H and ΔS°v H ) (Equation 1). 67 (1)
However, the T m of an intramolecular G quadruplex for which n = 1 is independent of c T , thus, equation 1 reduces to Equation 2:
The hypochromic transition of the UV thermal spectrum was fit to determine the thermodynamic parameters of folding, assuming an independent two-state model, where A U and A F represent the absorbance of the unfolded and folded G quadruplex, respectively, and R is the universal gas constant ( Figure 2C) 
To determine the number of coordinating K + ion equivalents, the T m of the G quadruplex was determined at a fixed RNA concentration (10 μM) and at K + concentrations ranging from 0.5 to 25 mM, titrated from a 2 M KCl stock. Assuming a simple model for the foldedto-unfolded G quadruplex structure during which Δn K + ion equivalents are released, Δn can be determined from the negative slope of the plot of ΔG° as a function of the logarithm of K + ion concentration ( Figure 2D ) (Equation 4). 19, 27 (4)
Native gel electrophoresis analysis
The RNA samples were resolved using 20% non-denaturing 19:1 PAGE in 0.5X Tris/borate/ EDTA buffer, run at 4°C and 75 V, in a final volume of 15 μL. RNA samples were at a 10 μM concentration, annealed in KCl concentrations ranging from 0 mM to 25 mM. The electromobility shift assay (EMSA) with the FMRP RGG box peptide used 10 μM RNA annealed in 5 mM KCl. The RNA was incubated with FMRP RGG box peptide at increasing ratios and allowed to equilibrate for 20 min at 25°C. The free RNA and RNA:peptide complexes were visualized by UV-shadowing at 254 nm using an AlphaImager HP (AlphaInnotech, Inc.).
Fluorescence spectroscopy
Full-length FMRP ISO1 was expressed and purified using previously described methods. 35 The fluorescence spectroscopy experiments using previously described methods 19, 24, 27-29, 34, 35, 51 were performed on a J.Y. Horiba Fluoromax-3 equipped fitted with a 150 W ozone-free xenon arclamp and with a variable temperature control sample chamber. Experiments were performed in 150 μL sample final volume in a quartz cuvette (Starna Cells) with a 3 mm path-length. The excitation wavelength was set at 350 nm and the emission spectra were recorded from 400 nm to 530 nm at 25°C, with a bandpass of 5 mm for both the excitation and emission monochromators. FMRP ISO1 or FMRP RGG box peptide was titrated at certain increments into 150 nM SMNDC1_12PC RNA annealed in the presence of 150 mM KCl, incubated for 10 min at 25°C, and then monitored for the steady-state fluorescence emission of the PC reporter. 750 nM of a peptide derived from the HCV core protein or bovine serum albumin (BSA) was added to the RNA sample prior to titrating RGG box peptide or FMRP ISO1, respectively, to prevent non-specific binding. 
The experiment was performed in triplicate, fitted individually, and the reported error is the standard uncertainty of the data from the best-fit theoretical curves since they are larger than the standard uncertainty of the measurements.
SMNDC1 RNA-based affinity pull-down assay
The biotinylated SMNDC1 RNA probe was denatured at 95°C for 5 min and cooled at room temperature for 15 minutes. The negative control biotinylated HCV RNA probe 24, 68, 69 (5′-GCC AGC CCC CUG AUG GGG GCG ACA CUC CAC CAU GAA UCA CUC CCC UG-3′) was denatured at 95°C for 3 min and cooled quickly in a dry ice-ethanol bath. 5 μM of probe was incubated with E17 mouse brain lysate for 20 min at room temperature and NeutrAdivin agarose (Thermo Scientific, Inc.) pre-blocked with BSA was used to precipitate the probes. After extensive washing, proteins were detected by immunoblot against FMRP (1:1250, Sigma) and negative control SMN (1:500, BD Transduction Laboratories & San Jose). All experiments were performed in compliance with relevant laws and institutional guidelines. Emory University IACUC approved the experiments.
RESULTS AND DISCUSSION
Structural and thermodynamic characterization of the SMNDC1 mRNA G quadruplex
The G quadruplex predicting software QGRS Mapper 53 predicted the formation of a G quadruplex structure within the 5′-UTR of the SMNDC1 mRNA (BC039110.1) 1 ( Figure  1A) . To experimentally confirm the existence of this G quadruplex structure, we have produced a 25 nt fragment predicted to fold into the G quadruplex structure ( Figure 1B) by in vitro transcription from a synthetic DNA template.
We first used one-dimensional (1D) 1 H NMR spectroscopy to analyze G quadruplex structure formation within SMNDC1 mRNA in the presence of increasing KCl concentrations, monitoring the imino proton resonance region. Even in the absence of KCl, imino proton resonances were present in the 10-12 ppm region, which correspond to guanine imino protons involved in G quartet formation through Hoogsteen base pairs, indicating that the 25 nt SMNDC1 mRNA fragment forms a G quadruplex structure ( Figure  1C ). While K + ions are required for DNA G quadruplex formation, RNA sequences are able to fold into G quadruplexes even in their absence. 70 A few broad resonances are present in the 12-14.5 ppm region, where imino protons involved in Watson-Crick base pairs resonate, indicating the formation of a minor alternate structure.
The increase in resonance intensities in the signature 10-12 ppm range while increasing K + concentrations indicates G quadruplex structure stabilization by K + ions, while the broadness of these resonances suggests the existence of alternative structure conformers. To further explore this possibility, we have employed native gel electrophoresis using a constant RNA concentration while increasing KCl concentrations from 0 mM to 25 mM ( Figure 1D) . Two RNA bands are present in the absence of KCl ( Figure 1D, lane 1) , corresponding to at least two distinct conformations. At KCl concentrations of 5 mM and greater, one conformation becomes predominant, evident by the increase in the intensity of the lower band with the concomitant decrease of the intensity of the upper band ( Figure 1D, lanes 2-4) . These findings indicate that though multiple conformations are possible and two are demonstrated to exist, in the presence of K + ions, the 25 nt SMNDC1 mRNA fragment adopts only one predominant structure.
Next, we employed CD spectroscopy to analyze the fold of the SMNDC1 mRNA G quadruplex. 16 Positive and negative bands were observed at 265 nm and 240 nm, respectively, even in the absence of K + ions, yielding the characteristic CD spectrum of a parallel G quadruplex structure ( Figure 1E ). 16 This parallel strand orientation is also consistent with previous reports for various intramolecular RNA G quadruplexes. 4-6, 9, 19, 20, 24, 27-29 The band intensities increased in the presence of 5 mM KCl, supporting the conclusion that this G quadruplex is stabilized by K + and consistent with the 1 H NMR spectroscopy and native gel electrophoresis results.
UV spectroscopy thermal denaturation analysis was performed to determine the overall stability as well as the intramolecular or intermolecular composition of the SMNDC1 mRNA G quadruplex structure, by monitoring the change in absorption at 295 nm 66 while increasing the temperature in the range 25°C to 95°C. A major hypochromic transition is present, with a T m of ~71°C, which we attribute to the unfolding of the SMNDC1 mRNA predominant G quadruplex structure (Figure 2A ). Additionally, a second minor transition with a T m of ~34°C is present, likely corresponding to the unfolding of the minor alternate structure formed by SMNDC1 mRNA. To determine if the major G quadruplex structure formed by SMNDC1 mRNA is intramolecular or intermolecular we have measured the T m values as a function of the RNA concentration (Materials and Methods, Equations 1-2). T m is independent of the RNA concentration for the major hypochromic transition ( Figure 2B) , indicating that the dominant SMNDC1 mRNA G quadruplex structure is intramolecular (Materials and Methods, Equation 2). 67 Conversely, the melting temperature of the minor hypochromic transition increases with the RNA concentration (data not shown), indicative of an intermolecular species (Materials and Methods, Equation 1), which we therefore attribute to quadruplex stacking.
After determining that the main G quadruplex structure formed by SMNDC1 is intramolecular, we fit the hypochromic transition corresponding to its unfolding using an independent two-state model to determine the thermodynamic parameters of G quadruplex structure formation (Materials and Methods, Equation 3) ( Figure 2C ). The structure formation was enthalpically-driven as demonstrated by the enthalpy value of −64.0 ± 0.1 kcal/mol and free energy value of −8.6 ± 0.1 kcal/mol for 10 μM RNA in 5 mM KCl. Considering that the enthalpy of formation of a single G quartet plane in an intramolecular G quadruplex ranges from −18 kcal/mol to −25 kcal/mol under similar conditions, 53, 67 these findings demonstrate that the determined enthalpy of folding is consistent with the predicted three G quartet planes in the SMNDC1 mRNA G quadruplex ( Figure 1B) .
To obtain additional information about the predominant SMNDC1 mRNA G quadruplex, UV spectroscopy thermal denaturation experiments were performed at a fixed RNA concentration and variable KCl concentration to determine the number of coordinating K + ion equivalents coordinating the structure. 19, 27 Assuming a simple model for the folded-tounfolded G quadruplex structure during which Δn K + ion equivalents are released, Δn can be determined from the negative slope of the plot of ΔG° as a function of the logarithm of K + ion concentration (Materials and Methods, Equation 4) ( Figure 2D ). 19, 27 These analyses reveal that the SMNDC1 G quadruplex coordinates ~2.6 K + ion equivalents, consistent with the proposed three-plane structure.
In summary, by using various biophysical methods, we characterized the structural and thermodynamic properties of the 25 nt fragment from the SMNDC1 mRNA 5′-UTR. Our results demonstrate that this mRNA fragment adopts a dominant G quadruplex structure that is intramolecular, has a parallel strand orientation, comprised of three G quartet planes, coordinates ~2.6 K + ions, and has high stability at the physiologic temperature ( Figure 1B) .
FMRP interactions with the SMNDC1 mRNA G quadruplex
FMRP is an RNA binding protein primarily found in neurons, where SMDNC1 expression has been demonstrated. 55 Though the regulatory mechanism is not well understood, FMRP is proposed to use its NLS and NES to bind specific neuronal mRNA targets in the nucleus and shuttle them throughout the cell, and regulate translation in response to synaptic input. 33, 36, 71 The activity of FMRP is critical for humans since its absence leads to FXS, the most common inheritable intellectual disability. 36, 42 The RGG box domain within FMRP has been shown to bind G quadruplex forming mRNAs with high affinity and specificity, including those within the 5′-UTR of other neuronal targets and, like SMNDC1 mRNA, those devoid of a stem structure. 19, 24, 27-29, 33-35, 37, 51 The G quadruplex itself has also been shown to regulate mRNA translation 1-8, 14, 30 and it has been proposed that FMRP binding the G quadruplex structure enables an additional level of translation regulation. 27, 32, 41, [72] [73] [74] Since SMNDC1 mRNA has been identified as a potential FMRP target via PAR-CLIP analysis 56 we investigated if the 5′-UTR SMNDC1 mRNA G quadruplex is bound by FMRP. We used a 32mer peptide consisting of the FMRP RGG box domain ( Table 1) that has been previously shown to bind G quadruplex RNA targets with comparable affinity and specificity to the FMRP isoforms whose binding have been similarly characterized. 19, 24, 27-29, 34, 51 Native EMSA PAGE performed at constant RNA and KCl concentrations, with 0:1, 1:1, 2:1, and 3:1 FMRP RGG box peptide:SMNDC1 mRNA ratios, demonstrated the formation of a higher molecular weight complex via the emergence of an upper band in the presence of the FMRP RGG box peptide, with the concomitant decrease in intensity of the lower band that corresponds to the free RNA ( Figure 3A, compare lanes 1  vs. 2-4 ). To demonstrate that the G quadruplex structure formed in the SMNDC1 mRNA segment is specifically targeted by FMRP we synthesized a mutant sequence having strategic G-to-C substitutions designed to abolish the G quadruplex structure (Supplemental Figure 1A) . 1D 1 H NMR spectroscopy experiments were performed to probe the structure of the mutant construct. Previously observed resonances in the signature 10-12 ppm G quadruplex imino proton region were replaced by resonances in the 12-14 ppm region corresponding to Watson-Crick base pairs, thus demonstrating that the G quadruplex formed in the SMNDC1 wild-type sequence is abolished in the mutant construct and that a hairpin structure is dominant in the mutant construct even at increasing KCl concentrations (Supplemental Figure 1B) . Native EMSA PAGE was then performed using the mutant RNA construct, and as FMRP RGG peptide concentration was increased a single band corresponding to the free RNA remained (Supplemental Figure 1C) , demonstrating that elimination of the G quadruplex structure in the mutant construct ablates binding. Altogether, these findings further support the conclusion that the RGG box domain of FMRP specifically binds to the G quadruplex structure within the 5′-UTR of SMNDC1 mRNA.
Next, we employed steady-state fluorescence spectroscopy to obtain quantitative information regarding the interactions of the FMRP RGG box peptide and of the full-length FMRP ISO1 protein with the 5′-UTR SMNDC1 mRNA G quadruplex. We designed SMNDC1_12PC RNA, which was formed by the labeling of the 25 nt G quadruplex forming SMNDC1 mRNA fragment with the fluorescent cytosine analog PC in place of the cytidine at position 12 ( Figure 1B, circled C) . The fluorescence emission of PC is sensitive to changes in its local microenvironment, including those induced by protein binding. 75 Binding curves were obtained by titrating increasing concentrations of either the RGG box peptide or FMRP ISO1 into a fixed RNA concentration. To ensure that the observed PC quenching is not due to non-specific protein aggregation, similar control experiments were performed by titrating BSA and, as expected, the steady state fluorescence of the PC reporter did not change (Supplemental Figure 1D) . All experiments were performed in triplicate and the K d for either the RGG peptide or FMRP ISO1 were determined by fitting the binding curves with Equation 5 (Materials and Methods) ( Figures 3B, C) . Though the full length FMRP ISO1 binds with greater affinity (K d = 211 ± 42 nM) than the RGG box peptide (K d = 365 ± 67 nM), both values are consistent with other nM affinities demonstrated by either the FMRP RGG box peptide or various FMRP isoforms binding to other G quadruplex forming RNAs. 19, 24, 27-29, 34, 35, 51 Additionally, though the affinities between FMRP ISO1 and the RGG box peptide are statistically different, they correspond to comparable free energies of binding of −9.1 ± 0.2 kcal/mol and −8.8 ± 0.2 kcal/mol respectively. Furthermore, these free energy values are consistent with the recently characterized affinity of FMRP for two G quadruplex structures from the 3′-UTR of Shank1 as well as other mRNAs. 19, 24, 34, 35 Lastly, using a biotin-RNA pull-down assay, we demonstrated binding of endogenous brain FMRP to the SMNDC1 mRNA G quadruplex. 24 Biotin-labeled SMNDC1 RNA probes were incubated with E17 mouse brain lysates followed by precipitation via NeutrAdivin agarose. Subsequent Western blot analysis demonstrated that the SMNDC1 RNA probe is bound by endogenous FMRP but not the negative control, SMN ( Figure 3D, Supplemental Figure 2 ), thus indicating SMNDC1 mRNA is specific for FMRP and devoid of non-specific interactions with other proteins. G quadruplex structures have been identified in the 5′-UTR of a number of genes 1 and, for the few that have been characterized, their importance as translation regulators has been demonstrated, either inhibiting or promoting translation. [10] [11] [12] [13] Our results expand upon this small list and show for the first time that SMNDC1 mRNA forms a G quadruplex structure in its 5′-UTR, thus suggesting a possible translation regulation function for this structure. FMRP is proposed to be a translation repressor of specific mRNA targets at distal sites and, until responding to synaptic input, local protein translation will be triggered. The exact mechanisms by which FMRP exerts its translation regulator function are not known. However, it has been shown that, for mRNA targets that are bound by FMRP in their 3′-UTR, this might be mediated by interactions with the miRNA pathway. 9, 76, 77 Though it has been shown that translation increased in the absence of FMRP for two mRNAs that each have at least one potential G quadruplex structure in their 5′-UTR, 39, 40 only one study analyzed the FMRP RGG box directly binding the G quadruplex structure. 27 Our findings that FMRP directly interacts with a G quadruplex in the SMNDC1 5′-UTR expands this short list. In addition, FMRP, having demonstrated neuronal expression, could play an indirect role in splicing by modulating the levels of the SMNDC1 protein, a critical component of the spliceosome. The SMNDC1 protein has been found in Cajal bodies, implicated in the splicing of mRNA in cells with elevated metabolic activity such as neurons and proliferating cells, and overexpression of SMNDC1 has been associated with apoptosis. 55, 59, 78 
CONCLUSION
Overall, our results provide further evidence that G quadruplex structures with consistent structural and thermodynamic properties exist in neuronal mRNAs, which was implied by other indirect methods. 79 We show for the first time that a G quadruplex structure forms in the 5′-UTR of SMNDC1 mRNA and that this structure is sufficient for recognition by FMRP. This study provides the foundation of potential relationships between levels of proteins, translation activity, and splicing activity that are mediated by G quadruplex mRNAs, FMRP and its RGG box domain, and SMNDC1. These findings merit further investigation of these relationships, further support the role of FMRP in FXS, and suggest that the molecular mechanism of impairment involves the loss of regulation for neuronal mRNA localization and/or translation.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. (A) Sequence of the 25 nt segment from the SMNDC1 mRNA 5′-UTR predicted to form the G quadruplex structure. Based on QGRS mapper analysis, 53 the guanines predicted to be involved in the most stable G quadruplex structure are underlined. (B) Proposed parallel, intramolecular G quadruplex structure formed by the 25 nt fragment from the 5′ UTR of SMNDC1 mRNA. The intramolecular and parallel nature of the given structure was based on our experimental evidence while the guanines incorporated in our model are based on the single highest G score of 42 from QGRS mapper analysis, 53 thus predicted to be the most stable G quadruplex. Seven additional G quadruplex conformers were predicted with G scores ranging from 39 to 41, indicating similar stability. Broad NMR resonances at low KCl concentration may indicate a sample population containing multiple conformers, some of which are predicted to incorporate the 5′ G tract while others exclude it. Upon titration of K + , increased resonance sharpness in the NMR spectra would indicate stabilization of a single conformation, which we believe would be the G quadruplex shown in our model, which excludes the 5′ G tract and incorporates the 3′ G tract. The naturally occurring cytidine at position 12 substituted by the PC fluorescent analog is circled. (C) Imino proton resonance region of the 1D 1 H NMR spectra of 230 μM SMNDC1 mRNA in 10 mM cacodylic acid, pH 6.5, 40°C, in the presence of increasing KCl concentrations. (D) EMSA of 10 μM SMNDC1 mRNA using 20% native PAGE in the presence of varying KCl concentrations from 0 mM (lane 1) to 25 mM (lane 4). Next to lane 1, the lower arrow indicates the dominant conformation while the upper arrow indicates the minor conformation. Gel was visualized via UV shadowing at 254 nm. (E) CD spectra of 10 μM SMNDC1 RNA in 10 mM cacodylic acid, pH 6.5, at 25°C, in the presence of increasing KCl concentrations. (A) EMSA using 20% native PAGE of 10 μM SMNDC1 mRNA in the presence of 5 mM KCl, with ratios of FMRP RGG box peptide:SMNDC1 mRNA from 0:1 (lane 1) to 3:1 (lane 4). Gels were visualized by UV shadowing at 254 nm. The upper arrow shows the emerging band representing the RGG box:RNA complex, the lower arrow indicates the free RNA band. Representative fluorescence spectroscopy fitted curves of (B) FMRP RGG box peptide and (C) full-length FMRP ISO1 individually titrated into 150 nM SMNDC1_12PC RNA in the presence of 150 mM KCl, 10 mM cacodylic acid, pH 6.5, at 25°C with 5:1 BSA protein to screen non-specific interactions. (D) Binding of 5′ biotinylated SMNDC1 mRNA by FMRP after incubation with E17 mouse brain lysates. RNA probes were precipitated and potential co-purified FMRP and SMN proteins were assessed by immunoblot. Precipitated SMNDC1 mRNA was simultaneously exposed to immunoblot by FMRP and SMN with all other samples. However, the gel contained mRNA targets unrelated to this study, thus the SMNDC1 samples are shown in a separate window. Table 1 Primary sequence of the FMRP RGG box domain peptide that targets mRNA G quadruplex structures, with the characteristic RGG repeats underlined. The four asymmetrically dimethylated arginines are the only arginines located within and between the RGG repeats. RRGDGRRRGGGGRGQGGRGRGGGFKGNDDHSR 
